Optic nerve injury triggers molecular events in retinal ganglion cells (RGCs), ultimately leading to axonal degeneration and apoptotic cell death. A small population of RGCs that survive injury do not spontaneously regenerate axons to long distances, causing permanent disconnection and loss of visual functions. Demise of RGCs and axonal degeneration occur within a few days following an intraorbital axotomy, and the majority of RGCs die within 2 weeks.^[@i1552-5783-58-3-1743-b01]--[@i1552-5783-58-3-1743-b03]^ At the molecular level, axonal injury causes upregulation of several stress-related and apoptosis-promoting proteins including activating transcription factor 3 (ATF3) and c-Jun.^[@i1552-5783-58-3-1743-b04][@i1552-5783-58-3-1743-b05][@i1552-5783-58-3-1743-b06]--[@i1552-5783-58-3-1743-b07]^ In an attempt to overcome injury, RGCs also increase expression of proteins known to promote cell survival (e.g., endoplasmic reticulum chaperones)^[@i1552-5783-58-3-1743-b08]^ and/or axon regeneration (e.g., STAT3). However, when death-promoting cascades outweigh these reparative efforts, RGCs undergo apoptosis.

In addition to changes that take place within the retina, axonal injury leads to drastic changes in the optic nerve, where distal axonal portions begin to undergo Wallerian degeneration 2 to 3 days following axotomy. Within several hours to days post injury, bloodborne macrophages infiltrate the lesion while astrocytes and oligodendrocytes in the lesion core undergo cell death. In the lesion periphery, astrocytes become reactive and release inflammatory and extracellular matrix proteins. Axonal and myelin debris are cleared away by both resident microglial cells and hematogenous macrophages.^[@i1552-5783-58-3-1743-b09][@i1552-5783-58-3-1743-b10][@i1552-5783-58-3-1743-b11]--[@i1552-5783-58-3-1743-b12]^

In mice, modulating the expression of certain genes within adult RGCs promote some RGC axons to elongate through the optic nerve and toward visual targets.^[@i1552-5783-58-3-1743-b13][@i1552-5783-58-3-1743-b14][@i1552-5783-58-3-1743-b15][@i1552-5783-58-3-1743-b16][@i1552-5783-58-3-1743-b17]--[@i1552-5783-58-3-1743-b18]^ Nonetheless, many axons induced to regenerate before or acutely after injury (i.e., 5--7 days post injury) are misguided in multiple regions, including the optic nerve, optic chiasm, and brain.^[@i1552-5783-58-3-1743-b19][@i1552-5783-58-3-1743-b20]--[@i1552-5783-58-3-1743-b21]^ Aberrant axon growth in the optic nerve is particularly prominent in the regions adjacent to crush site,^[@i1552-5783-58-3-1743-b20]^ indicating that the activated glial cells likely influence the path of regenerating axons. These observations raise a question of whether RGC axons that are stimulated to regenerate long after injury (when some myelin debris is cleared and astrocytic activation subsides) would exhibit distinct regrowth rates and pathfinding patterns.

Although the cellular and molecular changes that occur acutely (i.e., within hours to a week) after axotomy (e.g., crush injury) have been well characterized, changes that take place in RGCs and optic nerves of chronically injured animals (i.e., months or years after crush injury) are ill-defined. Furthermore, few studies utilize chronic optic nerve injury models, and it is currently unclear to what extent RGC axons regenerate and, importantly, find paths in the chronically injured optic pathway.

In this study, we examined (1) RGC survival, (2) expression of several injury-response proteins in RGCs, and (3) local cellular changes in the optic nerve in chronically injured animals (i.e., 56 days post crush), and assess axon regeneration and pathfinding in wild-type and apoptosis-deficient Bax knockout (KO) mice when regeneration-promoting stimulation via adeno-associated virus serotype 2 ciliary neurotrophic factor (AAV-CNTF) is given 56 days after crush injury.

Methods {#s2}
=======

Animals {#s2a}
-------

All animal procedures were performed with the approval of Institutional Animal are and Use Committee at University of Miami and in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. C57BL/6N mice (male or female; Charles River Laboratories, Wilmington, MD, USA) were used in this study, except for Bcl2-associated X protein (BAX) KO experiments, in which *Bax^tm1Sjk^* mice (B6.129X1-*Bax^tm1Sjk^*/J, stock number 002994; Jackson Laboratory, Bar Harbor, ME, USA)^[@i1552-5783-58-3-1743-b22]^ were used. Mice were aged 5 to 6 weeks at the start of each experiment and were randomly assigned to different treatment groups. The investigator who analyzed the data was not blinded to the animal identity.

Intraorbital Optic Nerve Crush {#s2b}
------------------------------

Optic nerves were crushed intraorbitally with jeweler\'s forceps (Dumont no. 5; Roboz Surgical Instrument Co.; Gaithersburg, MD, USA) for 10 seconds approximately 1 mm behind the optic disc. Mice received a subcutaneous injection of buprenorphine (0.05 mg/kg; Bedford Laboratories, Bedford, OH, USA) as postoperative analgesic. Eye ointment containing atropine sulfate was applied preoperatively to protect the cornea during surgery.

Intravitreal Injection {#s2c}
----------------------

Pulled glass micropipettes were inserted into the temporal eye posterior to the ora serrata, angled away from the lens. Approximately 2 μL vitreal fluid was withdrawn prior to injection of an equal volume of virus or cholera toxin β (CTB) subunit conjugated with Alexa 555 (C34776; ThermoFisher Scientific, Waltham, MA, USA). Adeno-associated virus serotype 2 (AAV) was administered either immediately or 56 days after crush. Cholera toxin β (2 μg/μl) was injected 2 to 3 days prior to death.

In this current study, we used AAV2-CNTF generated from our previous publication.^[@i1552-5783-58-3-1743-b21],[@i1552-5783-58-3-1743-b23]^ Polymerase chain reaction-amplified CNTF was inserted into a Stratagene AAV plasmid (AAV-multiple cloning site \[MCS\] (Stratagene, La Jolla, CA, USA). We note that this plasmid contains a knockdown cassette of a SIBR containing anti-luciferase control shRNA. The region of the SIBR knockdown vector comprising the ubiquitin promoter, intronic sequences, knockdown cassette, and enhanced green fluorescent protein (EGFP) open reading frame (ORF) was cloned into the Stratagene AAV plasmid, from which the cytomegalovirus (CMV) promoter, intron, and MCS were removed. Polymerase chain reaction--amplified CNTF was then used to replace the EGFP ORF in the AAV-SIBR vector via standard restriction digest and ligation. This AAV-CNTF was used in the previous publication to compare axon regeneration rates in animals treated with AAV2-SIBR expressing shRNA against phosphatase and tensin homolog.^[@i1552-5783-58-3-1743-b21]^ The same AAV-CNTF is used in this study to promote axon regeneration and examine CNTF effects in animals following delayed treatment. Plasmid DNA encoding human CNTF was purchased from GE Dharmacon (Accession BC068030; Lafayette, CO, USA), and the ORF was amplified using a forward primer that incorporated both a 5′*Kpn*1 restriction site and the nerve growth factor signal peptide sequence (5′-GGTACCATGTCCATGTTGTTCTACACTCTGATCACAGCTTTTCTGATC; GGCATACAGGCGGCTTTCACAGAGCATTCACCGC-3′), and a reverse primer that incorporated 3′ *Bgl*II site (5′-AGATCTCTACATTTTCTTGTTGTTAGCAA-3′). All enzymes were purchased from New England Biolabs (Ipswith, MA, USA). Plasmids were then used to produce AAV2 (1--4 × 10^13^ particles per milliliter) at the University of Miami Viral Vector Core.

Tissue Preparation and Immunohistochemistry {#s2d}
-------------------------------------------

Animals were perfused transcardially with PBS followed by 4% paraformaldehyde (PFA) in PBS, then tissues dissected and postfixed with 4% PFA in PBS for 1 hour at room temperature. For retina whole mount, the eye was bisected at the ora serrata before removal of lens and iris. The retina was gently separated from the sclera before four incomplete radial incisions were made to create a cloverleaf shape for mounting. For histologic sectioning, samples were cryoprotected by incubating in 30% sucrose in PBS for 48 hours. Optic nerves were cryosectioned to 12-μm thickness and retinae and brain tissue to 20 μm. Tissue sections were blocked in 5% normal goat serum and 0.3% Triton X-100 in PBS for 1 hour and incubated with primary antibodies diluted in blocking buffer overnight at 4°C, followed by 1-hour incubation with secondary antibodies at room temperature. Primary antibodies used were 1:800 dilution anti-βIII-tubulin (PRB-435P; Covance, Princeton, NJ, USA); 1:200 dilution dual leucine zipper kinase (DLK) (a gift from Syu-ichi Hirai of Wakayama Medical University School of Medicine); 1:200 dilution p-c-Jun (3270S; Cell Signaling Technology, Danvers, MA, USA); 1:200 dilution ATF3 (SC188; Santa Cruz Biotechnology, Dallas, TX, USA); 1:1600 dilution glial fibrillary acidic protein (GFAP) (ab4674; Abcam, Cambridge, MA, USA); 1:500 dilution CD11b (RM2800; ThermoFisher Scientific); and 1:500 dilution myelin basic protein (MBP) (MAB386; Merck Millipore, Billerica, MA, USA). All secondary antibodies (Cy2, Cy3 or Cy5, used at dilution of 1:400) were purchased from Jackson ImmunoResearch (West Grove, PA, USA).

Cell Survival and Axon Regeneration Quantification {#s2e}
--------------------------------------------------

To quantify RGCs, the number of β III tubulin immunoreactive cells in the ganglion cell layer of 8 to 12 nonconsecutive retina sections per animal (which included the central and peripheral retinal regions) was counted. To quantify regenerating axons, the crush site was identified by tissue morphology, CTB signal intensity, and/or GFAP immunosignal, and the number of CTB^+^ axons that projected various distances from the lesion was recorded. To quantify axon misguidance rates, the number of CTB^+^ axons whose orientations were over 30 degrees from the axis of the optic nerve were counted and reported as a percentage of regenerating axons at 1 mm from the lesion. At least three to four nonconsecutive sections were counted for each animal.

Western Blot {#s2f}
------------

Mice were transcardially perfused with 1× PBS and optic nerves dissected and segmented with microscissors by length from optic disc (region spanning 1--3 mm for regions surrounding the lesion and 3--5 mm for distal nerve region). Optic nerve tissue was incubated in lysis buffer composed of 25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS (Sigma-Aldrich Corp., St. Louis, MO, USA), and a protease inhibitor tablet, one tablet per 10 mL of buffer (Complete Mini EDTA-Free Protease Inhibitor Cocktail tablet; Roche, Basel, Switzerland). The samples were centrifuged at 16,000*g* for 10 minutes at 4°C, and the supernatants were stored at −80°C for no more than 1 week. The supernatants\' protein concentration was determined using an assay kit (Pierce BCA Protein Assay Kit; ThermoFisher Scientific). Five micrograms of protein was loaded and separated in a 15% acrylamide-Bis gel (Bio-Rad Laboratories, Hercules, CA, USA). The protein was transferred onto membrane (Hybond-C Super membrane; Amersham Biosciences, Little Chalfont, UK) and blocked with 3% BSA in 0.1% Tween 20 in PBS (TPBS). The membranes were incubated with primary antibodies in 3% BSA in TPBS overnight at 4°C. The membranes were incubated in horseradish peroxidase--conjugated secondary antibody (Jackson ImmunoResearch, West Grove, PA, USA) in 3% BSA in TPBS at a 1:1000 dilution for 1 hour at room temperature before the labeled proteins were detected using the ECL agent (Pierce, Rockford, IL, USA) following the supplier\'s manual. The intensity of each band was quantified using software (Image Studio Lite, Ver. 5.2; LI-COR Biosciences, Lincoln, NE, USA). Quantification was the mean obtained from at least 2 or 3 biological replicates. Primary antibodies used were 1:500 dilution GFAP (mAb 13-0300; ThermoFischer Scientific) and 1:1000 dilution MBP (mAb 78896; Cell Signaling).

Statistics {#s2g}
----------

Data were analyzed using ANOVA and Bonferroni test within-groups comparison for axon regeneration quantification in Bax mice and [Supplementary Figure S1](#iovs-58-02-71_s01){ref-type="supplementary-material"}, respectively; otherwise, Student\'s *t*-test was used. Significant differences required *P* values \< 0.05. Values were displayed as mean + standard error of the mean.

Results {#s3}
=======

As previously understood, we found significantly elevated rates of RGC death after administration of optic nerve crush.^[@i1552-5783-58-3-1743-b01][@i1552-5783-58-3-1743-b02]--[@i1552-5783-58-3-1743-b03]^ Within 5 days of injury ([Figs. 1](#i1552-5783-58-3-1743-f01){ref-type="fig"}A, [1](#i1552-5783-58-3-1743-f01){ref-type="fig"}D), 77.1% ± 4.3% of RGCs survived compared to uninjured contralateral retina (*n* = 5) as assessed by counting β III tubulin immunoreactive RGCs. In contrast, survival was only 4.0% ± 0.3% at 8 weeks, or 56 days post crush (dpc) ([Figs. 1](#i1552-5783-58-3-1743-f01){ref-type="fig"}B, [1](#i1552-5783-58-3-1743-f01){ref-type="fig"}D; *n* = 5). Thus, the pool of living RGCs from which axon regeneration can be initiated is severely limited in a chronic injury paradigm.

![Axotomy-induced cell death and injury-signal proteins at acute and chronic time points. (**A**--**B**) β III tubulin immunoreactive (i.e., TUJ1 antibody immunostained) whole-mount retinae at 5 days (**A**) and 56 days (**B**) after optic nerve crush, and uninjured control retina (**C**). (**D**) Quantification of RGC survival, normalized to uninjured contralateral retina (*n* = 5/group, \*\*\*\**P* = 0.0000026, Student\'s unpaired *t*-test). (**E**--**M**) Retinal section images of immunohistochemical analysis for DLK, ATF3, p-c-Jun signals in the ganglion cell layer of mice 5 days (**E**--**G**) and 56 days (**H**--**I**) after injury and without injury (**K**--**M**) (*n* = 5/group). *Error bars*: SEM. *Scale bars*: 50 μm.](i1552-5783-58-3-1743-f01){#i1552-5783-58-3-1743-f01}

We examined the presence of molecular injury signals in RGCs to better understand the possibility of axon regeneration at acute and chronic time points. Commonly used to indicate neuronal injury is DLK, also known as MAP3K12, which initiates multiple signaling cascades, including apoptosis.^[@i1552-5783-58-3-1743-b24],[@i1552-5783-58-3-1743-b25]^ We also measured phosphorylated c-Jun (p-c-Jun) and ATF3, part of the CREB protein family involved in cellular stress response.^[@i1552-5783-58-3-1743-b07]^ We observed that nearly all surviving RGCs in both time points (5 and 56 days post crush) show visible immunoreactive signals of p-c-Jun, DLK, and ATF3 that are clearly higher in intensity compared to the weak background or no signal in control uninjured RGCs ([Figs. 1](#i1552-5783-58-3-1743-f01){ref-type="fig"}E--M). These data indicate that RGCs retain awareness of axotomy long after it occurs.

Environmental factors have a major role in preventing or modulating patterns of axon regeneration through the injured central nervous system (CNS) tracts (reviewed by van Niekerk).^[@i1552-5783-58-3-1743-b26]^ We examined the expression of the astrocytic marker GFAP, along with cluster of differentiation marker 11b (CD11b) and MBP, which label immune cells and myelin, respectively, at 5 dpc and 56 dpc, in order to understand how the chronically injured environment after crush injury may affect axon outgrowth. We observed the well-characterized contraction of the astrocytic scar (GFAP-negative region) and the increased density of immune cells within ([Figs. 2](#i1552-5783-58-3-1743-f02){ref-type="fig"}A, [2](#i1552-5783-58-3-1743-f02){ref-type="fig"}B). Glial fibrillary acidic protein--negative region at the lesion core is visibly smaller at 56 days post injury compared to 5 days post injury ([Figs. 2](#i1552-5783-58-3-1743-f02){ref-type="fig"}A, [2](#i1552-5783-58-3-1743-f02){ref-type="fig"}B). Western blot of protein extracts isolated from different regions of the injured optic nerve shows no obvious difference in GFAP expression at 5 and 56 days post injury compared to uninjured optic nerve ([Supplementary Fig. S1](#iovs-58-02-71_s01){ref-type="supplementary-material"}). There are decreases in MBP expression ([Figs. 2](#i1552-5783-58-3-1743-f02){ref-type="fig"}C--E), especially near the lesion site ([Supplementary Fig. S1](#iovs-58-02-71_s01){ref-type="supplementary-material"}), that indicates more thorough debris clearance at this later stage by hematogenous macrophages and/or resident microglia.

![Changes in lesion and its penumbra within acutely and chronically injured optic nerves. (**A**--**B**) Glial fibrillary acidic protein and CD11b immunostained lesion sites at 5 days (**A**) and 56 days (**B**) after optic nerve crush (untreated). Note the contracted chronic lesion, defined by GFAP-negative area. (**C**--**E**) Myelin basic protein and GFAP immunostained optic nerve sections reveal large acute lesion (*yellow arrowheads*) and region with chronically decreased MBP expression (*yellow arrow*). *Scale bars*: 50 μm (**A**--**B**), 200 μm (**C**--**E**).](i1552-5783-58-3-1743-f02){#i1552-5783-58-3-1743-f02}

To measure the ability of chronically injured RGCs to regenerate their axon, we intravitreally treated surviving RGCs with AAV expressing the secretable form of CNTF.^[@i1552-5783-58-3-1743-b21]^ In this modified, chronic paradigm ([Fig. 3](#i1552-5783-58-3-1743-f03){ref-type="fig"}A), AAV-CNTF was delivered at 56 dpc, and axon regeneration proceeded for 21 days afterward. Of note, we and others have previously shown that AAV-mediated protein expression (e.g., transgene under CMV or uBC promoter) in RGCs starts as early as 5 days after intravitreal injection (unpublished observation for AAV with uBC promoter).^[@i1552-5783-58-3-1743-b17]^ As indicated by the CTB signal, we observed small numbers of regenerate axons 1 mm beyond the lesion site in five of five animals examined ([Fig. 3](#i1552-5783-58-3-1743-f03){ref-type="fig"}B, yellow arrows; quantified in 3D). In contrast, we did not see CTB-positive axons at this distance following AAV-GFP treatment in five control animals ([Fig. 3](#i1552-5783-58-3-1743-f03){ref-type="fig"}C). Immediate AAV-CNTF treatment (time frame shown in [Fig. 3](#i1552-5783-58-3-1743-f03){ref-type="fig"}E) results in much higher rates of axon regeneration ([Figs. 3](#i1552-5783-58-3-1743-f03){ref-type="fig"}F), at least in part due to the approximately 20-fold larger pool of surviving RGCs ([Fig. 1](#i1552-5783-58-3-1743-f01){ref-type="fig"}D). In these animals, the average numbers of regenerating axons per optic nerve section at 1 and 2 mm distal to the lesion site were 20 (±6.9 SEM) and 6 (±3.1 SEM), respectively (*n* = 3 mice). Thus, despite 8 weeks elapsing between administration of nerve injury and therapeutic treatment, some surviving RGCs were nevertheless capable of initiating a regenerative response.

![Adeno-associated virus\--ciliary neurotrophic factor treatment in chronically injured mice promotes RGC axon regeneration beyond the injury site. (**A**) Time course of chronic experiments. (**B**--**C**) Sectioned optic nerves with CTB-traced RGC axons in AAV-CNTF--treated (**B**) and control AAV-GFP--treated (**C**) mice 11 weeks after injury and 3 weeks after intravitreal viral administration. (**B′**, **C′**) High-magnification micrographs of the boxed regions in (**B**) and (**C**) (i.e., ∼1 mm distal to the injury site). Regenerating RGC axons (*yellow arrows*) were found \>1 mm from the lesion in all AAV-CNTF--treated mice, and never after AAV-GFP (*n* = 5/group). (**D**) Quantification of axon regeneration rates at 1 mm from lesion (\*\**P* = 0.0029, Student\'s unpaired *t*-test). (**E**) Time course of acute experiments. In comparison, immediate treatment (**F**) with AAV-CNTF (**F**), but not AAV-GFP (**G**) induces significantly greater axon regeneration. *Scale bars*: 100 μm.](i1552-5783-58-3-1743-f03){#i1552-5783-58-3-1743-f03}

Since these few surviving RGCs still have the capacity to regenerate axons long after injury, we sought to examine whether a larger pool of RGCs could be triggered to regenerate their axons at any point after an injury as long as they are protected from cell death. To examine this, we repeated the chronic treatment paradigm ([Fig. 3](#i1552-5783-58-3-1743-f03){ref-type="fig"}A) in apoptosis-deficient Bax KO mice, which undergo little appreciable cell death following axotomy or during neuronal pruning stages in development.^[@i1552-5783-58-3-1743-b27][@i1552-5783-58-3-1743-b28][@i1552-5783-58-3-1743-b29][@i1552-5783-58-3-1743-b30][@i1552-5783-58-3-1743-b31][@i1552-5783-58-3-1743-b32]--[@i1552-5783-58-3-1743-b33]^ We observed immunohistochemically that the number of β III tubulin immunoreactive RGCs does not decrease at 5 dpc or 56 dpc ([Figs. 4](#i1552-5783-58-3-1743-f04){ref-type="fig"}A--C), compared to uninjured contralateral retinae (*n* = 3--4/group). Elevated RGC survival notwithstanding, Bax KO mice did not regenerate axons (i.e., to 1 mm distal to the lesion) following AAV-GFP treatment given immediately after injury ([Fig. 4](#i1552-5783-58-3-1743-f04){ref-type="fig"}D). However, intravitreal injection of AAV-CNTF given 56 days after crush injury promoted strong axon regeneration within 3 weeks ([Fig. 4](#i1552-5783-58-3-1743-f04){ref-type="fig"}F), despite the large span of time between injury and treatment. Similarly high rates of axon regeneration were seen in Bax KO mice receiving an immediate AAV-CNTF treatment ([Fig. 4](#i1552-5783-58-3-1743-f04){ref-type="fig"}E, quantified in 4G), pointing toward a time-independent limit on regenerative response, at least at 3 weeks post treatment. Furthermore, with comparable numbers of regenerating axons afforded by Bax KO mice, we observed that axon misguidance may be less common at chronic stages ([Figs. 4](#i1552-5783-58-3-1743-f04){ref-type="fig"}E′, 4F′), with significantly fewer axons turning at 1 mm from lesion site in chronic (2.7% ± 2.3%) than in acute (14.7% ± 2.1%) conditions, expressed as percentage of total regenerating axons (*P* = 0.0029) (see Methods). Nevertheless, at this 3-week posttreatment time point, regenerating axons have had insufficient time to elongate long distances into the brain to reinnervate visual targets.

![Axon regeneration in chronically injured, apoptosis-deficient Bax^−/−^ mice. (**A**--**B**) β III tubulin immunoreactive (i.e., TUJ1 antibody immunostained) whole-mount retinae in injured Bax KO mice show no significant decrease in RGC density up to 56 days after optic nerve crush. (**C**) Quantification of RGC survival, normalized to uninjured contralateral retinae (*P* = 0.261 by Student\'s *t*-test; *n* = 4/group). (**D**) Sectioned optic nerves in Bax KO mice 3 weeks after intravitreal AAV-GFP administration, which was given immediately after injury. (**E**--**F**) Bax KO mice 3 weeks after intravitreal AAV-CNTF administration, which was given either immediately (**E**) or 56 days (**F**) after crush. High-magnification micrographs of distal boxed regions in (**E**) and (**F**) are shown in (**E′**) and (**F′**). (**G**) Quantification of axon regeneration rates at 1000, 2000, and 3000 μm from lesion shows no significant difference between chronic and acute treatment (*P* = 0.533 by 2-way ANOVA; *n* = 3/group). *Error bars*: SEM. *Scale bars*: 50 μm (**A**--**B**, **E′**, **F′**), 200 μm (**D**--**F**).](i1552-5783-58-3-1743-f04){#i1552-5783-58-3-1743-f04}

We also examined myelin and the glial scar in Bax KO mice after optic nerve crush. As seen in [Supplementary Figures S2 and S3](#iovs-58-02-71_s01){ref-type="supplementary-material"}, there are GFAP-negative areas in the lesion site of Bax KO animals at 21 days after injury ([Supplementary Fig. S3](#iovs-58-02-71_s01){ref-type="supplementary-material"}), indicating that the infiltration of astrocytic processes into the lesion site is comparable to (or at least is not more robust than) the wild-type animals ([Supplementary Fig. S2](#iovs-58-02-71_s01){ref-type="supplementary-material"}). We also observed that in the lesion site (i.e., GFAP-negative area; regions indicated by the white arrows in [Supplementary Figs. S2, S3](#iovs-58-02-71_s01){ref-type="supplementary-material"}), more intense MBP immunoreactivity is seen in Bax KO mice than in wild-type animals.

With poorly understood environmental modifications occurring at chronic stages of optic nerve injury, it is unclear whether the axons of neuroprotected RGCs might be capable of reinnervating visual targets. For this reason, we looked for regenerate axons in the brains of Bax KO mice at 8 weeks after AAV-CNTF treatment (i.e., 16 weeks after crush, the (time frame shown in [Fig. 5](#i1552-5783-58-3-1743-f05){ref-type="fig"}A). We observed CTB-positive RGC axons in the distal optic nerve, optic chiasm, optic tracts, and hypothalamic regions of the brain ([Figs. 5](#i1552-5783-58-3-1743-f05){ref-type="fig"}B--D). Axons regenerated into ipsi- and contralateral optic tracts as in an acute injury paradigm, described in our earlier work,^[@i1552-5783-58-3-1743-b21]^ as well as into the contralateral optic nerve. We also observed axons that ascend dorsally near the third ventricle and, in each of the four mice examined, in the suprachiasmatic nucleus (SCN) ([Fig. 5](#i1552-5783-58-3-1743-f05){ref-type="fig"}D). In Bax KO animals without AAV-CNTF injection (i.e., control animals; *n* = 3), no regenerating axons were found in the optic chiasm or in the SCN ([Fig. 5](#i1552-5783-58-3-1743-f05){ref-type="fig"}E). In the Bax KO mice with AAV-CNTF, regenerate axons were not found in more distal visual targets (i.e., lateral geniculate nucleus and superior colliculus; data not shown), as in acutely injured wild-type and Bax KO mice. Nonetheless, these data demonstrate a degree of proper visual target recognition and reinnervation, even at chronic timing.

![Visual target in the brain is reinnervated after postponed AAV-CNTF treatment in Bax^−/−^ mice. (**A**) Time course of chronic experiment, with longer duration for regeneration (highlighted in *green*). (**B**) Sectioned optic nerve with CTB-traced RGC axons 16 weeks after injury and 8 weeks after intravitreal viral administration. High-magnification micrograph of distal region shown in (**B′**). (**C**--**D**) Coronal brain sections showing regenerating axons in the optic chiasm (**C**) and suprachiasmatic nucleus (SCN) (**D**), including at least one branched axon (*yellow arrow*) inside the visual target SCN (*yellow outline*). (**D′**) High magnification of the *white boxed area* in (**D**). (**E**) Representative coronal brain section of a control animal (i.e., Bax KO without AAV-CNTF) showing absence of regenerating axons. (**E′**, **E′′**) High magnification of the *white boxed area* in (**E**). OX, optic chiasm; SCN, suprachiasmatic nucleus. *Scale bars*: 150 μm.](i1552-5783-58-3-1743-f05){#i1552-5783-58-3-1743-f05}

Discussion {#s4}
==========

This study demonstrates RGCs\' remarkable regenerative potential long after optic nerve injury. Few studies have examined RGC axon regeneration in a postinjury treatment paradigm,^[@i1552-5783-58-3-1743-b17],[@i1552-5783-58-3-1743-b18],[@i1552-5783-58-3-1743-b21]^ and as far as we know, none with treatment given beyond 10 days after injury. More work has been done in the spinal cord to address chronic stages of central nerve injury, and in this context, studies have shown that neurons (e.g., dorsal root ganglion neurons, cerebrospinal neurons, rubrospinal neurons, etc.) may be induced to regenerate an axon (with varying degrees of success) at 4 weeks, and even up to a year, after experimental injury.^[@i1552-5783-58-3-1743-b34][@i1552-5783-58-3-1743-b35][@i1552-5783-58-3-1743-b36][@i1552-5783-58-3-1743-b37][@i1552-5783-58-3-1743-b38][@i1552-5783-58-3-1743-b39][@i1552-5783-58-3-1743-b40]--[@i1552-5783-58-3-1743-b41]^ These findings have not been reproduced in RGCs, likely a consequence of their widespread axotomy-induced death due to proximity of injury to soma. We provide evidence against an intrinsic critical period for axon regeneration in wild-type and Bax KO mice by showing significantly enhanced growth rates following delayed AAV-CNTF treatment. Interestingly, there are similar rates of axon regeneration in Bax KO mice, whether treatment is provided acutely or chronically. However, any comparison of regenerative capacity between Bax KO and wild-type mice must take into account significant phenotypic differences, including approximately double the RGC number prior to injury,^[@i1552-5783-58-3-1743-b28][@i1552-5783-58-3-1743-b29]--[@i1552-5783-58-3-1743-b30]^ enhanced survival of proximal axonal segments,^[@i1552-5783-58-3-1743-b31],[@i1552-5783-58-3-1743-b32]^ and muted macrophage and microglial activation.^[@i1552-5783-58-3-1743-b33]^ It is also worth noting that approximately twice as many regenerating RGC axons were found in Bax KO animals compared to the WT counterparts. This is in line with the previous reports that showed that approximately twice as many RGC axons regenerate in Bcl-2 transgenic mice (in which apoptosis is also blocked) compared to wild-type mice.^[@i1552-5783-58-3-1743-b42]^ Since approximately 20% to 30% of RGCs survive (∼10,000 RGCs) with AAV-CNTF treatment at 21 days post crush (data not shown), approximately 0.2% of surviving RGCs may be regenerating axons at least to 1 mm distal to lesion in the wild-type mice. On the other hand, given that almost all RGCs survive in Bax KO mice (i.e., ∼80,000 RGCs),^[@i1552-5783-58-3-1743-b28]^ approximately 0.05% of RGCs are regenerating axons. Thus, although more axons regenerate in Bax KO mice, perhaps due to higher cell number, it seems that a smaller portion of RGCs is actually capable of regenerating axons compared to wild-type. In this regard, it is worth noting that MBP level is higher in the lesion site of Bax KO mice compared to wild-type animals 3 weeks after injury. This could be due to (1) slower myelin clearance, (2) less oligodendrocyte death in the lesion area, or (3) more rapid regeneration of myelin in Bax KO mice. We do not know which of these possibilities contribute to the higher presence of MBP in the lesion site in the KO mice. Nonetheless, these results indicate that the smaller portion of RGCs able to regenerate in Bax KO mice despite the higher cell number could in part be explained by the intense level of myelin (i.e., often referred to as a growth inhibitor) in the lesion site in the KO mice. While the cause of regenerative failure in the majority of RGCs remains to be elucidated, this finding highlights the resilient ability of surviving RGCs to regenerate axons long after injury.

It is likely that the sustained presence of some injury signals may be required for the observed chronic capacity to regenerate axons; however, the relationship between these markers, cell survival, and the regenerative response is not clear. While our findings confirm previous reports of the increased expression of injury signals following injury,^[@i1552-5783-58-3-1743-b04],[@i1552-5783-58-3-1743-b07]^ it is less clear how, for example, DLK and c-Jun somehow regulate both apoptotic and regenerative cellular pathways. Perhaps, as some suggest, axotomy primes CNS neurons for these disparate responses, and that cell death is triggered by insufficient axon regeneration.^[@i1552-5783-58-3-1743-b25]^ It is similarly unclear how cells with chronically elevated prodeath phosphorylated c-Jun^[@i1552-5783-58-3-1743-b43][@i1552-5783-58-3-1743-b44]--[@i1552-5783-58-3-1743-b45]^ fail to undergo apoptosis. Despite high levels of DLK, ATF3, and c-Jun expression in nearly all RGCs, we find only a small number of regenerating axons compared to surviving RGCs in both wild-type and Bax KO mice. Recent work has identified melanopsin-expressing intrinsically photosensitive RGCs (ipRGCs) as comprising the majority of axotomy-resistant cells,^[@i1552-5783-58-3-1743-b46]^ though these cells do not appear to possess regenerative capacity, at least in the peripheral nerve graft paradigm,^[@i1552-5783-58-3-1743-b47]^ leaving the identity of long-surviving, axon-regenerating RGCs a mystery. Possibly using transgenic mice that label ipRGCs, we may examine whether the surviving and regenerating RGCs are, in fact, ipRGCs and whether their axons reach the SCN.

In addition to initiating axon regrowth, misguidance of axons en route to visual centers in the brain poses a major problem in the recovery of visual function. It is poorly understood what, if any, axon guidance systems are in place in the adult CNS or how they might be altered over time. Our comparison of axon growth patterns in chronic and acute settings reveals fewer instances of aberrant axon growth, at least near the crush site; this more faithful and linear growth toward the brain could be due to enhanced permissiveness in the chronic nerve environment. For example, as macrophage infiltration proceeds, more efficient clearing of axonal and myelin debris (albeit incomplete at 56 dpc) may decrease axon meandering. It is also possible that decreased extracellular matrix protein deposition (e.g., chondroitin sulfate proteoglycans) in chronically injured animals may make scar tissue less inhibitory to RGC axon growth. Similarly, various growth factors and cytokines that affect axons\' guidance in the injured optic nerve (e.g., brain-derived neurotrophic factor) may be downregulated as inflammation subsides, resulting in more linear growth of axons chronically.

Reactive astrocytes (at least those that fill an injury site) have been shown to facilitate axon regeneration.^[@i1552-5783-58-3-1743-b48]^ At chronic stages, astrocytes around the lesion fill the lesion site, at least partly, potentially providing more permissive astrocytic bridges^[@i1552-5783-58-3-1743-b48]^ for RGC axons to extend long after injury. In contrast, several studies have shown that reactive astrocytes can also inhibit axon growth.^[@i1552-5783-58-3-1743-b49]^ Increase in GFAP expression is a hallmark feature of reactive astrocytes. In Western blot analysis, we did not observe differences in GFAP expression in both acutely and chronically injured nerve compared to uninjured nerve. The lack of increase in GFAP expression acutely after injury (5 days post injury) could be due to localized increase in GFAP expression close to the lesion and our tissue sampling method, in which we collect the entire first half of optic nerve. Overall, understanding the interaction between regenerating axons and extracellular- and membrane-based elements in the injured milieu in order to promote proper axon pathfinding through the optic nerve and retinogeniculate and retinocollicular optic tracts will be of paramount importance in reestablishing topographically functional termination patterns.

In conclusion, we demonstrated sustained regenerative potential following long-delayed treatment with AAV-CNTF and compared axon regeneration rates and patterns between acutely and chronically treated wild-type and Bax KO mice. Our findings highlight the importance of chronic neuroregenerative and neuroprotective strategies and of elucidating mechanisms of axon pathfinding.
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